RNA of tomato spotted wilt virus (TSWV) was analysed by gel electrophoresis on methylmercury-agarose gels. Three segments were detected with mol. wt. of 2.7 x 106, 1.7 x 10 6 and 1.1 × 10 6. The behaviour on oligo(dT)-cellulose columns indicated that TSWV RNA does not contain poly(A) sequences. TSWV RNA directed the synthesis of several proteins in a wheatgerm cell-free system and a messenger-dependent rabbit reticulocyte lysate. Analysis of the translation products by gel electrophoresis revealed that two major polypeptides were synthesized in both systems. One could be identified by immunoprecipitation as the nucleocapsid protein; the identity of the other, having a mol. wt. of 60 000, is unknown. The above results demonstrate that TSWV contains a positive-stranded RNA and this conclusion was confirmed by other experiments. TSWV RNA labelled with 125I did not hybridize with polyribosomal RNA from infected leaves and transcriptase activity could not be detected in purified preparations of TSWV or in nucleocapsid extracts from infected leaves. This study supports the view that TSWV is a unique membrane-bounded plant virus whose genome consists of three RNA segments which act as mRNA.
INTRODUCTION
Tomato spotted wilt virus (TSWV) has isometric membrane-bounded particles which measure 70 to 80 nm in diam. The particles contain four major and three minor high mol. wt. proteins. One of the major proteins is a glycoprotein with a mol. wt. of 78 000 and is located on the surface; another major protein with a mol. wt. of 27000 is associated with the nucleocapsid (Tas et al., 1977a) . Van den Hurk et al. (1977) have demonstrated that the genome consists of single-stranded RNA which is segmented. Three major and one minor segment were found by electrophoresis on polyacrylamide gels.
RNA extracted from virus is non-infectious (Van den Hurk et al., 1977) . The presence of several RNA segments and an envelope pointed to a resemblance with negative-stranded RNA viruses, such as the orthomyxoviruses (Compans & Choppin, 1975) and the bunyaviruses (Obijeski & Murphy, 1977) . For these reasons Van den Hurk et al. (1977) proposed a negative polarity of TSWV RNA. In a review, Atabekov & Morozov (1979) came to the same conclusion. In this study we present evidence that TSWV contains a positive-stranded RNA in three segments.
METHODS
Purification of TSWV and extraction of TSWV RNA. The purification of TSWV from systemically infected Nicotiana rustica leaves was as described by Tas et aL (1977b) with some modifications. The tobacco plants were inoculated with an isolate from Yugoslavia, kindly supplied by Dr Bu~an6i6 in 1979, and maintained in tomato plants propagated by cuttings. The extraction of RNA from purified virions was done exactly as described by Van den Hurk et al. (1977) . A good virus preparation from 250 g leaves yielded approx. 50 #g TSWV RNA. Tobacco mosaic virus (TMV) RNA was extracted by the same procedure. RNA of cowpea mosaic virus (CPMV) was extracted according to the method of Reijnders et al. (1973) .
1251-labelling of TS WV RNA. TSWV RNA was labelled with 1251 as described by Milner & Jackson (1979) . The specific activity was approx. 2.4 × 106 ct/min/pg, 40 to 50% of the radioactivity was precipitable by trichloroacetic acid (TCA) and 90% of the TCAprecipitable material was RNase-sensitive. The labelled RNA sedimentated in a sucrose gradient at 5S.
Methylmercury-agarose gel electrophoresis. TSWV RNA preparations were analysed on horizontal 1% agarose gels (20 x 20 cm) containing 5 mM-methylmercury in electrophoresis buffer according to the method of Bailey & Davidson (1976) . Routinely, 2 to 4 #g TSWV RNA was dissolved in 25 /tl electrophoresis buffer containing 10 mM-CH3HgOH and 10% glycerol. After electrophoresis for 4 h at 150 V and room temperature, gels were stained with a solution of 5 pg/ml ethidium bromide in 0.5 M-ammonium acetate and the bands were visualized under u.v. light.
Fractionation of TSWV RNA on sucrose gradients. Isokinetic sucrose gradients were prepared by mixing 12 ml 33 % (w/v) sucrose dissolved in 10 mM-NaCI, 10 mM-tris-HC1 pH 7.5, 0.1% SDS with 12.3 ml 5 % (w/v) sucrose solution in the same buffer, as described by Grivell et al. (1971) . Immediately before application of the sample, approx. 100/tg RNA was incubated for 1 min at 95 °C, and cooled quickly to 0 °C, the gradients were centrifuged in a Beckman SW41 rotor for 16 h at 28000 rev/min at 5 °C. Absorbance profiles at 254 nm were recorded by means of a Uvicord spectrophotometer (LKB, Sweden). The RNA in the fractions was precipitated with 2.5 vol. absolute ethanol, 0.1 vol. 3 M-sodium acetate pH 5.5 and Escherichia coli tRNA (Boehringer) as carrier in a final concentration of 25 pg/ml. After incubation overnight at -20 °C, the RNA was collected by centrifugation, washed three times with 70 % ethanol, dried and dissolved in 25 ~1 double-distilled water.
Oligo(dT)--cellulose chromatography. Twenty-five /tg TSWV RNA and CPMV RNA were analysed for the presence of polyadenylated sequences by chromatography over oligo(dT)-cellulose according to the method of Aviv & Leder (1972) . A batch of 0.125 g oligo(dT)-ceUulose (Type T-3; Collaborative Research, Waltham, Mass., U.S.A.) was washed three times with 0.1 M-NaOH and poured into a 2 ml syringe. The high salt buffer contained 0.5 M-NaC1, 10 mM-tris-HC1 pH 7.4, 1 mM-Na3EDTA and 0.5% SDS. The low salt buffer had the same composition, but NaCI was omitted. Fractions of 0.5 ml were collected at an elution rate of 1 ml per 3 min. The absorbance at 260 nm was measured on a Zeiss spectrophotometer.
Preparation of the wheatgerm cell-free extract and the mRNA-dependent rabbit reticulocyte lysate. Wheatgerm extracts were prepared exactly as described by Marcu & Dudock (1974) . Before the extraction, the wheatgerm (General Mills, Vallejo, Ca., U.S.A.) was floated in a mixture of cyclohexane and carbon tetrachloride (75 ml : 250 ml) for 1 min. The reticulocyte lysate was prepared according to the method of Hunt & Jackson (1974) . The rabbit was made anaemic by daily injection of 0.8 ml per kg weight of 1.25% (w/v) acetylphenylhydrazine over a period of 4 successive days. Eight days after the first injection the rabbit was bled, and 5000 units heparin in 1 ml double-distilled water were added to prevent coagulation. The reticulocyte lysate was made mRNA-dependent by the method of Pelham & Jackson (1976) . To supplement this lysate with eukaryotic tRNAs, tRNAs from wheatgerm, prepared as described by Van Tol & Van Vloten-Doting (1979) , were added in a concentration of 50 pg/ml.
In vitro translation of TSWV RNA. The reaction mixture (25 gtl) to translate TSWV and TMV RNA in the wheatgerm cell-free extract contained 10 /tl of extract, 2.5 mM-ATP (sodium salt), 225 pM-GTP (sodium salt), 7 mta-creatine phosphate, 10 /tg/ml creatine phosphate kinase, 35 gM-amino acids excepting methionine, 20 mM-HEPES-KOH pH 7.6, 0.2 mM-spermidine, 110 mM-potassium acetate, 3.25 mM-magnesium acetate and 75 pg/ml TSWV RNA or 60/~g/ml TMV RNA, 1/A [35S]methionine (about 7 mCi/ml, 1000 Ci/mmol, Amersham International) was added. After incubation at 30 °C for 1 h, samples of 2.5/tl of the reaction mixture were assayed for radioactivity by precipitation with hot TCA (Moorman et al., 1976) . The reaction mixture (50 pl) to translate TSWV RNA and TMV RNA in the mRNA-dependent rabbit reticulocyte lysate contained 40/A messenger-dependent lysate, 2.5 /~g TSWV RNA or 1.5 ~tg TMV RNA and 1/A [35S]methionine. The concentrations of MgC12 and KCI were 2.4 mM and 84 mM respectively. The reaction mixture was incubated for 1 h at 30 °C and the incorporation of radioactivity into acid-precipitable material was assayed as described by Stuik (1979) .
Immunoprecipitation of translation products in the wheatgerm cell-free system. To the rest of a wheatgerm reaction mixture (22.5 /A) 10 /ll 5 x PBS-TDS (1 x PBS-TDS is phosphate-buffered saline containing 1% Triton X-100, 0.5% sodium deoxycholate and 0.1% SDS), 5 ~1 100 mM-Na3EDTA pH 7 and 12.5 ~tl distilled water were added. The dissociated ribosomes were removed by a centrifugation at 100000 g for 20 min in a Beckman air-fuge. The supernatant was divided into two samples of equal size. To one sample 5 ~1 of an immunoglobulin solution from anti-TSWV serum was added; to the other sample 5 /A of an immunoglobulin solution from preimmune serum was added. The immunoglobulin solutions were prepared from these sera by ammonium sulphate precipitation. To both samples 10/tl 5 x PBS-TDS and distilled water were added to give a final reaction volume of 50 ~1. The mixtures were incubated overnight at 4 °C. In order to precipitate the reaction products, 10 mg protein A-Sepharose (Pharmacia), preswollen in PBS and washed with PBS-TDS, was added and incubated for 45 min at room temperature. After pelleting the Sepharose spheres at 8000 g in an Eppendorf centrifuge, the pellets were washed three times with PBS-TDS and finally resuspended in Laemmli sample buffer for electrophoresis on polyacrylamide gels (Laemmli, 1970) .
Gel electrophoresis and fluorography. The in vitro translation products or immunoprecipitates of the translation products were analysed on 10% polyacrylamide gels (14 cm long and 1.5 mm thick), according to the method of Laemmli (1970) . Before drying on Whatman 3MM paper the gels were routinely processed for fluorography (Bonner & Laskey, 1974) . Bands were visualized by exposure of the dried gel to X-ray film (Kodak, RP Royal-X-Omat) at -80°C. As mol. wt. markers, fl-galactosidase (116000 mol. wt.), phosphorylase A (93000 mol. wt.), bovine serum albumin (68000 mol. wt.), ovalbumin (46000 mol. wt.), DNase (31000 mol. wt.) and RNase (13000 mol. wt.) were used. The proteins of purified TSWV particles were labelled with 1251 as described by Greenwood et al. (1963) .
Preparation of polyribosomes and polyribosomal RNA. Polyribosomes were prepared according to the procedure of Jackson & Larkins (1976) from healthy or systemically TSWV-infected plants. The ribosome fraction sedimenting at a greater rate than 100S was collected and RNA was extracted by phenol-SDS.
Hybridization. Hybridization of 125I-labelled TSWV RNA with great excess of polyribosomal RNA was done as described by Milner & Jackson (1979) .
Transcriptase assays. Purified TSWV and Sonchus yellow net virus (SYNV) particles were assayed for transcriptase activity essentially as described by Francki & Randles (1972) . Nucleocapsid extracts from TSWV-infected plants were prepared and assayed for transcriptase activity as described by Francki & Peters (1978) . 
R E S U L T S T S W V contains three R N A segments
When RNA extracted from purified virions was analysed on a 1% agarose gel containing 5 mM-methylmercury, three bands were detected (Fig. I a) . The mol. wt. of the RNA segments corresponding to the bands observed was estimated to be 2.7 (.+0.05; 7800 bases), 1.7 (_+0.04; 5000 bases) and 1.1 (_+0.01; 3200 bases) x 106 mol. wt., using the RNAs of CPMV, TMV and RNA 1 and RNA 2 of cowpea chlorotic mottle virus (CCMV) as markers (Reijnders et al., 1974) . These values, calculated by linear regression from five experiments, agree with those found by Van den Hurk et al. (1977) , except that an RNA segment of mol. wt. 1.9 x 106, which occurred in minor amounts in their preparations, has never been observed in our extracts.
The RNA of TSWV was also analysed on an isokinetic sucrose gradient. Invariably, three bands were obtained (Fig. 1 b) . A small shoulder was always observed sedimenting slower than the slowest band. Upon analysis of these bands on methylmercury-agarose gels, no RNA segments other than the three mentioned above could be found. Some material was found at the top of the gradient, which is probably degraded RNA of host origin. Fig. 2 shows that TSWV RNA, when eluted with high salt buffer, was not retained by the oligo(dT)-cellulose column, in contrast to CPMV RNA which contains a polyadenylate sequence (El Manna & Bruening, 1973) . Therefore, it can be concluded that TSWV RNA does not contain poly(A) sequences larger than 25 nucleotides (Groot et al., 1974) . In this respect TSWV resembles the RNA of most plant viruses (Atabekov & Morozov, 1979) . 
TS W V R N A contains no poly(A)
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In vitro translation of TS WV RNA
TSWV R N A directed the incorporation of [35S]methionine into hot acid-precipitable material in a wheatgerm cell-free system and an mRNA-dependent rabbit reticulocyte lysate. The optimal conditions for translation in the wheatgerm cell-free system were 3.25 mM-magnesium acetate, 110 raM-potassium acetate, 0.2 mM-spermidine and 75 #g/ml R N A (Fig. 3) . Strikingly, translation in this system was absolutely dependent on spermidine, a dependence which has also been found for the translation of CPMV R N A (Davies et aL, 1977) .
Analysis of the translation products by gel electrophoresis
The translation products of TSWV R N A synthesized in both systems were analysed by polyacrylamide gel electrophoresis. Fluorography of the gels revealed a major polypeptide, synthesized in both systems, with a mol. wt. of 60 000 (Fig. 4 a, b, lane 3) . Another major polypeptide synthesized in both systems had approx, the same mol. wt. as protein 1, the nucleocapsid protein (Fig. 4 a, b, lanes 1 and 3) . In the wheatgerm cell-free system two minor high mol. wt. polypeptides were also synthesized, whose mol. wt. corresponded to those of protein 4 and 5 of TSWV (Fig. 4 a, lanes 1 and 3) . In addition to the polypeptides mentioned, many other polypeptides were synthesized in the wheatgerm system, the identity of which is unknown. Translation of TMV R N A in these systems resulted primarily in products which were essentially the same as those reported by Knowland (1974) , Pelham & Jackson (1976) and Davies et al. (1977) . (Fig. I b) . V, 125I-labelled TSWV proteins; 1 to 16, translation products of the RNA in the fractions represented in Fig. 1 (b) ; T, translation products of complete TSWV RNA; E, endogenous translation products.
Analysis of the translation products by immunoprecipitation
An immunoglobulin preparation made from antiserum raised against TSWV precipitated only, in small amounts, one polypeptide from the TSWV RNA-directed translation products, namely that which had approx, the same mol. wt. as the nucleocapsid protein (Fig. 4c) . However, the same immunoglobulin preparation was capable of precipitating all the proteins of 125I-labelled TSWV (Fig. 4d) . This result might indicate that of the structural proteins of TSWV only the nucleocapsid protein was synthesized in vitro. Alternatively, it is possible that other structural proteins were synthesized also, but could not be recognized by the antibodies owing to the absence of glycosylation and phosphorylation in the cell-free systems. The importance of sugar groups for the recognition by antibodies is well documented for the membrane proteins of Semliki Forest virus (Kaluza et al., 1980) .
In vitro translation of fractionated T S W V RNA
To gain more information about the genetic content of the individual RNA segments, TSWV RNA, fraetionated on a sucrose gradient (Fig. l b) , was analysed on a methylmercury-agarose gel and translated in the wheatgerm cell-free system. The fractions which contained RNA 1 or RNA 2 (fractions 8 to 11 and 12 to 15 respectively) appeared to be contaminated with RNA 3. Gel electrophoresis and autoradiography of the translation products showed that the RNA in all fractions gave rise to the synthesis of the nucleocapsid protein; the RNA from the fractions containing only RNA 3 (fraction 1 to 7) supported also the synthesis of the 60 000 tool. wt. polypeptide and other polypeptides of intermediate mol. wt. (Fig. 5) . This result means that RNA 3 contains the information for the 60000 tool. wt. polypeptide and the nucleocapsid protein, and this accounts for 60 % of the coding capacity of RNA 3. The possible unique information content of RNA 1 and RNA 2 could not be ascertained because the fractions in question were contaminated with RNA 3. Moreover, the RNA in these fractions (8 to 15) did not give rise to the synthesis of unique proteins when compared to the proteins made under the direction of the RNA 3.
TS W V RNA does not hybridize with polyribosomal RNA from infected plants
The results described above show that TSWV has a positive-stranded RNA. This means that the mRNA of TSWV should have the same polarity and one should expect that no hybridization occurs between it and TSWV RNA. To test this assumption, 125I-labelled 
TS WV does not show transeriptase activity
Negative-stranded RNA viruses possess virus-associated transcriptases, which are able to synthesize a positive-stranded RNA from their templates. Such an activity has been demonstrated in vitro in the particles of lettuce necrotic yellows virus, after dissolution with a non-ionic detergent (Francki & Randles, 1972; Toriyama & Peters, 1980) . This activity could also be demonstrated in nucleocapsid fractions from leaves infected with this virus (Francki & Peters, 1978) . Application of these procedures, used to transcribe virus RNA either from purified TSWV preparations or nucleocapsid extracts from plant material, did not result in any significant incorporation of [3H]UMP into acid-precipitable product (Table 2) . We conclude from these experiments that TSWV does not contain transcriptase activity and this result supports the conclusion that TSWV has a positively stranded RNA.
DISCUSSION
We present evidence that TSWV contains a positive-stranded RNA. TSWV RNA directed the in vitro synthesis of several proteins, one of which could be identified as the nucleocapsid protein. 125I-labelled TSWV RNA did not hybridize with polysomal RNA from infected leaves, and furthermore, no transcriptase activity could be demonstrated in purified TSWV particles or in nucleocapsid preparations extracted from infected leaves. Van den Hurk et al. (1977) have suggested that TSWV RNA has a negative polarity because they observed that it was non-infectious. It is possible that even though it has positive polarity, TSWV RNA is non-infectious because of the loss of a virus protein which is needed to initiate the infection; this has been demonstrated for the genomic RNAs of alfalfa mosaic virus (Van Vloten-Doting & Jaspars, 1977) . However, the failure to detect infectivity of RNA preparations may perhaps also be due to the use of inocula in which the RNA concentration was too low. Since the specific infectivity and the RNA content of the virus are low, and since it can be expected that the three RNA segments are required for infection, inocula with a high RNA content may be necessary to answer the question as to whether the virus RNA by itself is infectious.
Analysis of TSWV RNA on a methylmercury-agarose gel revealed the presence of three RNA segments in the virus. We never observed the minor segment of 1.9 x 106 tool. wt. and the component which also could be stained with Coomassie Brilliant Blue, found by Van den Hurk et al. (1977) . However, as heating TSWV RNA prior to electrophoresis resulted in the disappearance of the minor RNA segment of 1.9 x 106 tool. wt. (Fig. 5 of Van den Hurk et al., 1977) , we think this RNA segment is the result of secondary structures in the RNA. Possibly, methylmercury is a more stringent denaturing agent than 8 M-urea at 60 °C, which was used by Van den Hurk et aL (1977) . The finding that the isolate used by Van den Hurk et al. (1977) and our isolate contain essentially the same RNA segments suggests that the presence of three RNA segments is typical for TSWV.
The result of the in vitro translation of the RNA from the sucrose gradient fractions showed that almost all of the polypeptides made in both cell-free systems are in fact synthesized under the direction of RNA 3. This is not surprising because RNA 3 is the major RNA of TSWV, and it is known that smaller RNAs are good competitors of larger RNAs in in vitro translation (Van Tol & Van Vloten-Doting, 1979; Pyne & Hall, 1979) . It is possible that the two minor large polypeptides, made in the wheatgerm cell-free system, are products ofTSWV RNA 1 and RNA 2 (Fig. 4a, lane 3) .
RNA 1 can code for a polypeptide with mol. wt. of approx. 300 x 10 3 and the sum of the moL wt. of the virus proteins 1 to 5 (Tas et aL, 1977a) is also 300 × 103, so that this RNA would be sufficient to code for all the structural proteins. One might, however, expect more virus-coded proteins to be needed for the multiplication of TSWV (for example, a replicase). In short, it is unlikely that all the genetic information is contained in RNA 1, so that the other RNAs will contain unique sequences also.
The results presented in this study stress the unique character of TSWV. Among the plant viruses, TSWV is the only enveloped virus with a positive-stranded segmented RNA genome. Carrot mottle virus is enveloped and has probably a positive-stranded RNA, but may consist of one RNA species (Murant et aL, 1969; Halk et aL, 1979) . Neither does TSWV have any counterpart among the animal viruses. The togaviruses are enveloped but contain one positive-stranded RNA segment. The bunyaviruses are enveloped and contain three RNA segments, however, with a negative polarity (Obijeski & Murphy, 1977) .
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